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Numerical Physics: Synchrotron radiation effect on
dynamical vacuum with localized photon stops in a VLHC
Stage 2 beam screen section - Steady state

m Abstract

The objective of this paper isto the discuss the numerical approach to the calculation of dynamical vacuum when
synchrotron radiation hits a photon stop arranged in a 1m beam screen section, of the Very Large Hadron Collider VLHC
Stage 2.

m Photodesorption from a photon stop induced by synchrotron
radiation

Thediffusion equationdescribingheflow of a nonuniform gasis givenby the Fick'ssecondaw

an(zt)

T V-(DV-n(zt) D

whereD is thediffusion coefficient,andn(z,t) representthe gasdensity. We assumehatin the VLHC Stage?, the
synchrotrorradiationinducesphotodesorptioby hitting alocalizedphotonstoparrangedn abeamscreerl mlong
section.Furthermorejon pumpsarelocatedat5 mfrom the photonstop,asshownin Fig. 1. Holesin thebeamscreen
evacuateghephotodesorbedasfrom the beampipe.Cryopumpings suppliedby a coaxial4°K cold surface We needto
generalizéheFick'sequatiorto includecasesvhenasourceof gasis presenaindadistributedpumpingis provided.In
thebeamscreersection

an(zt
ATEED V(DA T NG -S N +Q5 @ @
whereA, is thebeampipecrosssection,S'the distributedpumpingspeedn thebeamscreen(Q the photodesorbedas
load,andthe deltafunctions(z) represents the gas source localized at the photon stop. The photodesorbed gasload is
proportional to the photon flux generated in adipole magnet Q=I5 I" i, where lq is the magnet length, I isthetotal
photon flux, and n,is the photodesorption yield.
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Fig. 1. The photon stop is arranged inside the beam pipe in alimited beam screen 1 mlong section. lon pumps are located
at 5 mfrom the photon stop.
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m Steady State case

We consider here the steady state problem an(x, t)/dt ~ 0, with D and A uniform in space. Eq. (2), along the beam pipe
axid length z reads

2
ADZNEZY ”(Z Y _Snezt+Qs@ =0 3

where S0 in thebeamscreersectionandS=0 in the4.5msectionseendingwith ion pumps Boundaryconditionsapply
attheion pumplocationsz=+5m

J
n(z) | =Sn(zz) 4
=+2>

7D A

In particular, solving eg. (3) for an infinitely long beam screen section, with an axially uniform pumping speed, the
analytic solution results

2= —2  eVE g+, 21D oalEe (5)
2VASD 2VASD

0[] isthe Heaviside step function.

m Numerical approach. Combined sections: beam screen and ion
pump section.

We solve eg. (3) by afinite elementumerical approach, for the combined sections shownin Fig. 1. Where, the beam
screen section isdefined by S # 0 for -0.5m=< z < 0.5m,and S'= 0 elsewhere. In this approach the density is defined on a

lattice of discrete z - values Nj = N(i A2). To discretize eq. (3) the differentia quotients have to be replaced by difference
quotients

a°n L n o onsn
2z E(W—l— N + N1
an 1 n N
L, N -n
9z 24z b7
the continuous Dirac function §(z) = ]J; 1 +II<(2 7 » With k—o0, can be discretized as
1 k
0Z) » ————— (6)

7 1+Kk2 (i 422

where k should be properly normalized to satisfy the condition ¥;>_ 6(z) Az =1, equivalent to f_ c’;’06(2) dz=1.Thus,
with the substitution e=AD/ AZ%, eq. (3) becomes a set of difference equations of the form
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k

—a ni_1+(s +20’) ni—Q’ ni+1 = m

Q. (7

The10mlongsectionis dividedin N intervals,or N+1 nodesTheion pumplocationsz=tz, correspondo i =0 andi =
N. Fori=1 andi=N, S=0 andSz0, andtheboundaryconditions(4) atz= - z andz= + z readgespectively

No = —2Az( ASD) N+N, , Ny= —242( A—SD) Nyt + Ny_o 8)

where Sis theion pumping speed. Substituting egs. (8) in eg. (7) we obtain the boundary conditions

2S B kQ
(2@ +—AZ) nL-2ahy _7/7(1”(24‘22),
2S k
(20/ + AZ) Nyog -2 @ Nyo = Q 9

7L+ k(N -17242)

Defining T ={ng, Ny, ...

, (N2 T and 3 ={s(z), 6(2), ..., (6(ZN_1)})T , the above equation (7) can bewrittenin a
matrix-vector form as

—_

Mn=275 o L=M"* n= %7

withthematrix elements, of theresulting (N — 1) x (N — 1) tridiagonal matrix, given as follows:

Ml'/]' = (S +2£) y

e for i =, withS # 0onlyinthebeamscreen section
AD o
AD L
M;; =-—= fori=j-1

S#0onlyfor § - 2m < | < %+ 05m  correspondingo the beamscreersection(centralregionof the matrix),

while S'=0elsewhereFurthermorethe boundaryconditions(9) resultsin the matrix elements

— AD S _ AD
Ml,l = (2 —AZZ +2 _AZ) y MLZ = -2 —AZZ
— AD _ (-, AD S
MN_Z/N_l _ - 2 ? y MN_]/N_l _ (2 ? + 2 E)

and M;; =0, for |i—j|>1
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Finally, the density profileisobtainedby N = & 3

The densityprofile computechumericallyis shownin Fig. 2, consideringa CO gasandassuminghefollowing
parameter¢seealso[1]): distributedpumpingspeedn thebeamscreersectionS'=601/s-m total photonflux
I'= 1.210'ph/sm, CO photodesorptiogield for coppen,= 1.510°2 mol/ph[5], dipolemagneiengthly =14 m, gasload
Q=IgT 1o =2.510"olec/sec, pumpingspeecf theion pumpsS=301/s, averageeampiperadiusa=0.0125m,
A:=4.910*n?, D =10.22n%/s. With numericalparameterN=100,Az=0.1m

Furthermorethe numericalsolutionhasbeenchecked with the analyticalsolution(5) asshownin Fig. 3. In
particular,theanalyticsolution(5) is valid for aninfinitely long beamscreersectionwherethe densityn(+e0)—0. Thus,
in thenumericalcalculationwe considerS+0 for all the element®f the matrix, andimposethe boundaryconditions
n(xz) = 0, with z >>0.
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Fig. 2. CO density profile as afunction of the distance from the photon stop, in a 10mlong combined beam screen and ion
pumps section, with S'=601/s-mand S=30 I/s.
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Fig. 3. Computechumericaldensityprofile (dots)comparedvith the analyticalsolutioneq.(5), for aninfinitely long
beamscreersection.
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Numerical Physics: Synchrotron radiation effect on
dynamical vacuum with localized photon stops in a VLHC
Stage 2 beam screen section - Time dependent problem

m Abstract

Theobjectiveof this paperis to the discusghe numericalapproactio the calculationof dynamicalvacuumwhen
synchrotrorradiationhits a photonstoparrangedn a 1m beamscreersection of theVery LargeHadronCollider VLHC
Stage?.

m Photodesorption from a photon stop induced by synchrotron
radiation

Thediffusion equationdescribingheflow of a nonuniform gasis givenby the Fick'ssecondaw

an(z t)

T V-(D V- -n(zt) D

whereD is thediffusion coefficient,andn(z,t) representthe gasdensity. We assumehatin the VLHC Stage?, the
synchrotrorradiationinducesphotodesorptioby hitting alocalizedphotonstoparrangedn abeamscreerl mlong
section.Furthermorejon pumpsarelocatedat5 mfrom the photonstop,asshownin Fig. 1. Holesin thebeamscreen
evacuateghephotodesorbedasfrom the beampipe.Cryopumpings suppliedby a coaxial4°K cold surface We needto
generalizéheFick'sequatiorto includecasesvhenasourceof gasis presenaindadistributedpumpingis provided.In
thebeamscreersection

Acﬂ%?t):v-(DAc V-nzt) -S niztH) +Q s (2 (2

whereA, is thebeampipecrosssection,S thedistributedpumpingspeedn thebeamscreenQ the photodesorbedas
load,andthe deltafunctions(z) representshe gassourcdocalizedat the photonstop.
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Fig. 1. Thephotonstopis arrangednsidethe beampipein alimited beamscreerl mlong section.lon pumpsarelocated
at5 mfrom the photonstop.
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m Time dependent problem

We consider here the time dependent problem an(x, t)/dt # 0, with D and A. uniform in space. Eq. (2), along the beam
pipe axia length z, reads

an(zt) a°n(z t)
Aco"'—t_ACDT_S Nzt +Q o (2 ©)

where S0 in the beam screen section, and S=0 for the 4.5 m sections ending with ion pumps.

In the general problem we condsider arepresentative example of SR generated by the passage of asinglebunchinal4m
long dipole magnet. Then, we compute the density profile of the photodesorbed gas molecules generated at t=0 at the
photon stop location, and its evolution in time. We assume that al the emitted radiation isintercepted by a photon stop
[2]. The density at the photon stop location is given by

NZz0 =1 lgzqg 0 (2 4

whereT isthe total photon flux, |4=14 m and 7 4 are respectively the magnet lenght and the time spent by a single bunch
in the magnet, and 7 is the photodesorption yield. Boundary conditions apply at the ion pump location

DA, ﬁng(it)

=Sn(+2) ®

=42

where z,=5mis the distance of the ion pump from the photon stop, and Sis the ion pumping speed.

m Numerical approach.

We solve eg. (3), by afinite dement numerical approach, for the combined sections shown in Fig. 1. In this approach the
density isdefined on alattice of discrete (z,t) - values

N =n G azj ),

Y =¢nl, nl, ... niy)

Wewill show that the density profile ‘r’l(j) again follows a sort of exponential decay and that the eigenvalues and
eigenfunctions of the original cal culus can be approximated by the eigenva ues and functions of that matrix.

-n(j) = 9 -n(j—l) -n(j) = ¢ -n(j—l)
n® ... initid profileat time t=0!

wewill use indifferently the notation ni(” or n,J.
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m Discussion of the problem. Combined sections: beam screen and
lon pump section.

Thedifferential equation of the problem is given by (3) with initial and boundary conditions (4-5). To discretize eq. (3),
the differential quotients have to be replaced by difference quotients

a%n 1

o2 E(nij—l -2nf +nly
LA M1 - Ny

Jz 24z

an 1 i

—_— > — (n,J - n,J‘l)

at At

n - n,j

the continuous Dirac function §(z) = % ﬁ with k—co, can be discretized

J(2) L. S

AR
7 1+K2 (i 422
where k should be properly normalized to satisfy the condition ;;2_., §(z) Az = 1, equivalent to f_ozoé‘(z) dz= 1. TheDirac
function term in eq. (3) will be here included in the initial condition (4). Thus, we drop the term including the Dirac
function from eqg. (3). Eq. (3) becomes a set of difference equations (multiplied by -At) of the form

as
A

— nﬂ'_1+(1+ 20 + ) N - N,=n" (6)

with the substitution & =D At / AZ2.

Stability considerations: The fully implicit scheme (or backward time), considered here, is unconditionable stable for any
choice of the step size At [3], contrary to the Forward Time Centered Space (FTCS) scheme. On the other hand, to
preserve the accuracy in the small-scale evolution of the solution we choose a step size value At small enough to satisfy
the condition

2D At
£ 20 <1
AZ v

whichisthe stability criterion for the FTCS approach a.

The10mlong sectionis dividedin N intervals,or N+1 nodesTheion pumplocationsz=+z, correspondo i =0 andi =
N. Fori=1 andi=N, S=0 andtheion pumpingspeeds#0, andtheboundaryconditions(5) atz= - z andz= + z reads
respectively
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. S .\ . . . S .\ . .
n = —2Az( AD) n+n, nk = —2Az( ﬁ) Ny + Nk« )

Substitutingeqs(7) in eq.(6) we obtainthe boundaryconditions

24tS - - -
( " AAZ)nJ 2anf,=n ®

: N 24tS
l””*m) nN-2¢ Nh=n", (1+2g

Theaboveequationg6,7,8)canbewritten in amatrix-vectorform as
M P = b oo £L=M" n? = & nlb

with thematrix elements of theresulting/N — 1) x (N — 1) tridiagonalmatrix, given asfollows:

Mi,j _ (l+ 2D 4t . AtS”) ’

e A for i =), withS # Oonlyinthebeanscreersection
M :__ijt , fori=j+1
Ml'/]' :—% , fori:j—l
S+0 onlyfor% - O'A—Szm < | =< % + Of’zm, correspondingo the beamscreersection(centralregionof the matrix),

while S'=0elsewhereFurthermorethe boundaryconditions(8) resultsin the matrix elements

_ 2DAt  24tS _ D 4t
My, = (l+ 7 +—AAZ)’ M, = -2 7
_ D 4t _ 2DAt  24tS
Mo =258 o = 1208, 285
and My =0, for |i—j| >1

Theinitial conditionis givenby substitutinghediscretized(z) functionin eq.(4), andreads
0 _ 8 i k ]
ni—F|d7d7/0(,,mz) 4"
Finally, the density profileat time t=j A t, isobtained by iteration A= & pl=D,

An example of the results of the numerical computation, is shown in Fig. 2 and 3, assuming the following
parameters: distributed pumping speed in the beam screen section S=60 I/s-m, total photon flux I'= 1.2 10*ph/s-m, CO
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photodesorption yield for copper 1, = 1.5 10~3molec/ph[5], dipole magnet length Iy =14 m, average beam piperadius
a=0.0125m, A.=4.9 10~* n?, D =10.22 n¥/s (seealso [1]). With numerical parameter: N=100, At=50 us, Az=0.1 m.

m The eigenvalue problem

Let Aj and lﬂi be respectively the eigenvalues and eigenvectors of the matrix £ . Thefirst eigenvectors are shown in Fig.
4. The lﬂ i should be orthogonal with respect to the metrics of the linear problem, see Fig. 5.

Wi gy =46ij . (Ai,Bj>=;Ai,k Bcj = AB )

Theinitial conditionn® can be written asalinear combination of the eigenvectors

0 0
i =2 ey, ai= (y;.n?)
the coefficient «; are shown in Fig. 6. The vector of the j-th timestep is then given by
n=yA's , (10)

whereagain, A is the eigenvalues diagonal matrix A;j = Aj and Y isthe matrix of the eigenvectors lﬂi. The computed
solution of the eigenvalue problem (10) isshown in Fig. 7. It isin very good agreement with the numerical solution shown
inFig. 2.

m Green function for an infinitely long beam screen section

The numerical calculation has been checked with the Green function solution obtained with the Fourier analysis of the
problem. We will give the analytic solution for the time dependent spatial distribution of the density for an infinitely long
beam screen tube satisfying the condition that N molecules are puffed into the tube at time t=0 and at the photon stop
location z=0

2
A ONEY L (NN o s b
It o2

Using the Fourier series representations of the Delta function

52 = if 27k g = if e w
27 J_ 27 J_w

and considering that the density n(zt) is related to its Fourier transform n(zt) as

1

(27)?

nizt) = fmdkdw AN TP (12)
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substituting the previous representations in eg. (11) we obtain the expression for n(zt)
[
Ac w +iDIR+i %

nizt) =

the solution is obtained from eq. (12) and is given by

1 N [ . o . i
n(zt) = ——f dke'sz dw 4
@n? A Jow o w+iDKR+iS

following [4], we obtain the density profile for an infinitely long beam screen section

22
~ Dt
e _ Sy

N
—
A VaDt
which is a Gaussiantistributionin z with a standardieviationincreasingwith the squareroot of timeo=+/2 Dt, andwith
an exponentiatiecayin time dueto the beamscreempumpingspeed.

The solutionof the numericalcalculationhasbeencomparedvith the Greenfunctionsolution(13) asshownin Fig.
8, t=bmsafterthesynchrotrorradiationhits the photonstop.In particular,the Greenfunctionsolution(13) is valid for an
infinitely long beamscreersectionwherethe densityn(+eo)—0. Thus,in the numericalcalculatiorwe considerS+0 for
all theelementf the matrix, andimposethe boundaryconditionsn(xz) = 0, with z, >>0.

nizt) = (13)
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z20=0 m A=0. 00049 nf, Az=10 cm At =0.00005 s

4

Fig. 3. Density profilein a VLHC Stage 2 combined section, beam screen and ion pump sections. The synchrotron
radiation hits the photon stop at t=0. The photon stop located at z=0, is arranged in a Imlong beam screen section.

The First eigenvectors
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Fig. 4. Thefirst eigenvectors
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Fig. 5. Graphical representation of the internal product, checking the orthogonality of the eigenvectors lﬁ j with respect to
the metrics of the linear problem.
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Fig. 6. Coefficient «; of the projection of the vector ﬁ(o) , on the orthogonal basis of the eigenvectors ir j-
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Fig. 7. Eigenvalue problem. Analytical results of the solution eg. (10), in agreement with the numerical solution (Fig. 2).

Density profilein aVLHC Stage 2 combined section, beam screen and ion pump sections.
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Fig. 8. Computed numerical density (dot) compared with the Green function solution at timet =5 ms, for an infinitely long

beam screen section.
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